Introduction
Spinal musclular atrophy (SMA) is a hereditary neuromuscular disease. It is usually caused by autosomal-recessive inherited mutation or deletion in the survival motor neuron (telSMN; SMN1) gene on chromosome 5q, which codes for the survival motor neuron (SMN) protein. 1 The gene defect leads to degeneration of the anterior horn cells of the spinal cord and occasionally of the motor neurons of the cranial nerves V to XII. SMA occurs with an approximate incidence of 1:15,000 to 1:20,000, with a prevalence of 1:80 among carriers of the gene. 2 Despite active research and multiple approaches for new treatment options, a causative therapy for SMA is not available at present.
Proximal SMA is characterized by muscular hypotonia, hyporeflexia, and general weakness, which are most prominent in proximal muscles with prevalence of the lower extremities. The disease is classified into four different types, with subdivisions according to the severity of the disease (see "Classification" for details). Whereas SMA type Ia has a very grave disease course in which orthopedic treatment can only marginally influence disease progression, patients with adult SMA type IV are much less affected, and conservative therapy is often sufficient to improve quality of life.
For orthopedic treatment, SMA type II and type IIIa are the most important subgroups because adequate and early treatment, including surgical interventions, can significantly decelerate the disease progression and improve quality of life.
Characteristic symptoms of SMA, especially types II and IIIa, include contractures of the lower extremities (with hip subluxations and dislocations), as well as contractures and hypermobile joints in the upper extremities, and, less frequently, fine tremor of the fingers. Furthermore, there is a high risk for spontaneous fractures due to osteopenia and a possible interaction between the osteoclast-stimulating factor and the SMN protein.
Scoliosis emerges in nearly 100% of nonambulatory SMA patients with a severe progression, and it remains one of the major problems for orthopedic therapy. 3 Consequences include chest-cage deformities, impingement of the ribs, and pelvic tilt; the consequences of respiratory problems due to partially massive constriction of the vital capacity. Furthermore, limited respiratory capacity, anesthesia problems during perioperative care, nutrition and growth difficulties, as well as the need for special rehabilitation and integration procedures should be kept in mind, especially for hospital treatment.
In the present article, we give an overview of the main orthopedic problems affecting patients with SMA. We deal with conservative and operative treatment options for contractures, hip dysplasia, fractures, scoliosis and pelvic obliquity, and possible effects on respiratory function and quality of life of the patient. We review recently published literature and our own experiences at our neuromuscular disease center in order to develop current treatment recommendations from an orthopedic perspective.
Classification
Proximal SMA is classified into four types on the basis of the maximal physical-function development correlated with the onset and severity of disease (see Table 1 ). 4, 5 Type I SMA, named Werdnig-Hoffmann disease by the first describers of the condition, occurs in 50% of patients diagnosed with SMA 6 and is the most common and most severe type of SMA. The disease course involves earlychildhood deterioration, with onset ranging from the prenatal period to the first 6 months of life. SMA type I is subdivided into type Ia (a life span of up to 2.5 years) and type Ib (a life expectancy of 2.5-20 years or longer). Patients with type I SMA never acquire the ability to sit unsupported 7, 8 and they have profound hypotonia, often no head control, and a typical severe respiratory pattern. In the most severe forms, prenatal onset, decreased intrauterine movement, weakness and joint contractures at birth, congenital bone fractures, and chest deformities have been observed. 9, 10 Type II SMA is characterized by disease onset within the first 18 months of life and an individually wide range of survival, which is significantly reduced compared with type III SMA. Patients with this intermediate SMA type achieve unsupported sitting and, rarely, standing ability, but do not pass the usual motor milestones and never walk. The clinical course is marked by periods of apparent arrest; progressive scoliosis and contractures, however, are very common and develop early in the nonambulatory patients 11 with a special need for orthopedic care. Weak chewing muscles, swallowing difficulties, and early respiratory disorders are frequently present, with a wide spectrum of severity.
Type III SMA, also called Kugelberg-Welander disease, is a milder form with disease onset from the first year to the third decade of life. The disease course is characterized by slow progression and periods of apparent arrest; standing and walking ability are often preserved until adulthood. 11 This type is subdivided into type IIIa and type IIIb. Type IIIa, with disease onset before 3 years of age, has a slightly reduced life span with delayed motor development; type IIIb is characterized by onset after 3 years of age, with a mostly normal life expectancy, and normal motor development. 11, 12 Patients with type IIIa SMA have orthopedic problems that are comparable to those experienced by patients with type II SMA, 
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Proximal spinal muscular atrophy although generally with later onset and decreased severity of the disease, whereas patients with type IIIb SMA have only mild orthopedic disturbances. The adult type IV SMA has a late onset within the second or third decade and normal life expectancy. The mild disease course shows only marginally affected preserved walking ability; respiratory and nutritional problems are very rare. 4, 6, 11 
Contractures

Upper extremities
Limited range of motion can be found in SMA patients at 3-5 years of age, with an age-dependent progression. 13 Contractures in the upper extremities are very rarely isolated, usually occurring in combination with contractures in lower extremities. Elbow joints are prevalently affected with flexion contractures and limited supination, followed by shoulder and wrist contractures. Hypermobile joints, often hypermobile wrists, are observed as well.
14 Indication for surgical treatment is only rarely given. Early physiotherapy can decrease contracture progression; adjusted medical strength training for milder SMA forms can positively influence especially hypermobile joints. 15 Patients with type II or type IIIa SMA and upper-extremity contractures are commonly fitted with orthoses, which are likely to have a positive effect; however, scientific information about the effect is not available at present and remains to be proven by further investigation. Continuous physiotherapy and occupational therapy are necessary to preserve remaining capabilities in daily life and can help to decrease contracture progression and to optimize residual range of motion.
13,16
Lower extremities
Contractures occur regularly and more prevalently in the lower extremities than in the upper extremities. Severe loss of range of motion to the point of contractures has been found at the early age of 2 years. 17 Pronounced flexion contractures of the hip and knee joint and strongly restricted mobility of the ankle joint with talipes equinus are common. 17 For patients with SMA type IIIb who are able to stand, it is important to maintain this ability -in some cases with additional orthoses and technical devices. In contrast to treatment for contractures in upper extremities, surgical treatment for lower extremity contractures can be effective especially for patients with type II or type IIIa SMA, even though its effectiveness can be limited by individual differences in strong fibrotic tendency of the muscles and by the wheelchair position of nonambulatory patients. Tenotomy or lengthening of the Musculus sartorius, Musculus tensor fasciae latae, Musculus rectus femoris, Musculus iliopsoas, the adductors, and the knee flexor muscles can be provided to patients with severe contractures of hip and knee joints. 17 For affected feet, tenotomy or transposition of the Musculus tibialis posterior and tenotomy of the Musculus flexor digitorum longus or Musculus flexor hallucis longus as well as peroneal tendons have shown a positive effect in some cases. Achillotenotomy and capsulotomy of the ankle joint can become necessary as well. 17 Despite the positive effect of surgery, the indication has to be assessed very carefully, and postoperative immobilization should be kept as brief as possible because a long immobilization leads to rapid deterioration of motor ability. 17, 18 Physiotherapy remains important for prevention and handling of lower-limb contractures for all SMA types. Orthoses and technical devices that aid standing and provide support (see "Orthoses" section) can decelerate the progression of contractures.
17
Hip joint involvement
Hip subluxations are frequent in patients with SMA, mostly in nonambulatory patients. [19] [20] [21] [22] Treatment for patients with SMA type I is usually not requested because of poor general condition;
19,20 thus, the highest incidence for orthopedicrelevant hip subluxations and dislocations can be found in SMA type II and type III patients. Subluxation occurs in approximately 30%-40% of SMA type II patients and 10%-30% of SMA type III patients. Dislocation occurs in approximately 30% of SMA type II patients and 20%-30% in SMA type III patients. [19] [20] [21] [22] The weakness of hip-stabilizing muscles, the lack of physiological weight-bearing and missing axialization are the reasons for recurrent hip dysplasia, subluxation, and dislocation. 19 Nonetheless, clinical problems of hip dislocations and subluxations have been only rarely reported. Some sporadic cases of hip pain have been described in patients without positioning problems or limitations in daily life activities despite recurrent hip dislocation. [19] [20] [21] [22] In contrast, operatively corrected hip joints, including hips corrected with surgical reduction and osteotomy, have a higher incidence for redislocations and only a marginally better outcome after operation. 20 Given the rarity of symptoms and the high risk for redislocation, and considering the significantly higher risks associated with anesthesia and surgical procedures for these patients, operative hip joint correction has very limited indications and provides only minimal functional gain. In conclusion, conservative management is the method of choice for hip dislocation and subluxation in patients with SMA type II or type III after loss of ambulation. 24 This can be explained by higher mobility on the one hand and unsteadiness with a resulting risk for falls and consecutive fractures on the other hand in this group. In accordance with other neuromuscular diseases, patients with SMA have a generally increased fracture risk that is worsened with the loss of ambulation and with wheelchair use. 25 For nonambulatory patients, the necessity of fracture reduction depends on the type of fracture, the level of contractures, and preserved mobility. Osteosynthesis is rarely indicated for these patients, since the bones are not suitable for this procedure due to fragility, demineralization, and small size. 26, 27 Because poor bone quality does not allow early remobilization and functional treatment, immobilization after surgery is usually required. The demineralization and osteopenia, mainly caused by inactivity, may be deteriorated by a possible interaction between the osteoclast-stimulating factor and the SMN protein. 28 Conservative treatment is the primary method of choice for the nonambulatory patients. With operative treatment, poor bone quality does not allow early remobilization and functional treatment, and immobilization after surgery is usually inevitable. Postoperative immobilization worsens the muscular situation, such that patients end up having no benefit from surgery. In contrast, ambulatory patients often benefit from orthopedic surgery with ostheosynthesis in order to prevent their losing walking or standing ability. The outcome of orthopedic surgery is much better for ambulatory patients due to better bone stability and preserved mobility. Maintaining the patients' mobility should always be the major aim of an eventual surgical fracture correction.
Scoliosis
Nearly 100% of SMA type II patients and type IIIa patients suffer from scoliosis, often with consecutive chest-cage deformities and respiratory involvement. Scoliosis is frequently diagnosed at an early age; patients younger than 4 years of age can suffer from scoliosis, with significant effect on the respiratory system. Predominantly C-shaped thoracolumbar scoliosis can be found, with an average yearly progression in Cobb angle of 5°-15°. 3, 29, 30 For patients with SMA type IIIb, preserved standing ability can decelerate the progression of scoliosis, and wellregulated strength training seems to have a slightly positive effect. 31 Early physiotherapy, as well as walking and standing ability (including passively with technical support), have an important prophylactic relevance with benefit for all patients. 30, 31 Conservative treatment of scoliosis is complicated and ineffective. Corset therapy is rarely indicated in ambulatory patients because of the possible loss of walking ability due to limited trunk mobility. For SMA type II and IIIa, corset therapy does not halt the progression of scoliosis. [29] [30] [31] [32] [33] [34] [35] Nevertheless, it has its value as treatment before possible operative spine stabilization, especially for young children in the growth period, 31 or if surgery is not possible due to poor general conditions or parental refusal.
Surgical spine correction is the method of choice for nonambulatory patients and is indicated as soon as scoliosis reaches a Cobb angle .20°. 36 Early spinal surgery tends to have better results because of milder scoliosis at the time of surgery and higher flexibility of the spine, such that better correction can be achieved. 29, 35 Furthermore, it improves sitting comfort as well as quality of life, including the patients' selfconfidence due to enhanced appearance. 37, 38 The aim for spine stabilization is to restore sitting ability without arm support and to avoid impingement of the ribs on the pelvis. The best age for intervention is at the earliest 10-12 years, because the patients have reached more than 80% of their maximal expected height at that time and surgery should be performed as soon as possible for better correction results. 30, 36 Traction treatments as a preparation for the surgery are obsolete. 30 The three-dimensional correction of scoliosis with alignment of the trunk and head adjustment is more important than anatomical correction. 30 Formerly performed stabilization with a telescopic rod has shown unsatisfactory results: The idea to provide a height-adaptive instrument was marred by manufacturing deficiency and multiple crankshaft phenomena. 36, 39 An alternative ventro-dorsal access has shown an increased risk for auxiliary abdominal respiratory muscles and the diaphragm, with consecutive reduction of vital capacity. 34, [40] [41] [42] The method of choice is the multisegmental dorsal stabilization of the spine from thoracic vertebrae Th2 or Th3 to the sacrum or pelvis, 30, 36 which allows a good segmental correction and stability. Additional advantages include immediate sitting ability postsurgery and early mobilization. 
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Proximal spinal muscular atrophy Independent of the surgical method, complications such as delayed wound healing and respiratory and neurological complications have been described for SMA patients. 30, 37, 38 Furthermore, the anesthetic risk due to reduced respiratory function has to be considered for the surgical and postoperative planning. The relative vital capacity decreases slightly in the postoperative period, but several investigations have shown that it remains largely constant 6-12 months after surgical intervention. 30, 35 For children younger than 10-12 years of age, an adequate technique for spine surgery has not been established. Surgical stabilization performed at a younger age has a high risk for dorsal fusion with crankshaft phenomenon. Some centers have recently performed spine surgery in young children with SMA using growing rods and vertical expandable prosthetic titanium ribs. [43] [44] [45] The effectiveness of these techniques remains to be proven.
Respiratory involvement
Pulmonary disease remains the major cause of morbidity and mortality in SMA, mainly type I and type II, and respiratory capacity is distinctly reduced at an early age. 6 Among the 4-6-year-old patients with SMA type II, there is a distinct reduction to an average of 54% in the relative vital capacity. 30 For SMA type IIIa, vital capacity is also reduced but with considerably better values. In general, vital capacity decreases progressively with growth but can remain stable after the period of growth far into adult life. 30 The SMA disease course includes severe weakness of the auxiliary respiratory muscles, mostly sparing the diaphragm, which remains the main respiratory muscle. Muscular imbalance leads to chest-cage deformities that additionally limit the respiratory function. The respiratory muscle weakness results in increased difficulties in clearing respiratory secretions, hypoventilation, recurrent infections, and atelectasis. The recurrent infections exacerbate the muscle weakness, with aggravation of the lung parenchyma. 46, 47 Early physiotherapy with respiratory training is important in order to optimize the remaining auxiliary respiratory muscles and provide expectoration techniques. 47, 48 Preserved standing ability for at least 2 hours per day leads to stabilization of lung function and should be supported with orthoses and standing assistance if necessary. Furthermore, timely treatment of scoliosis allows better ventilation of the lung parenchyma and leads to stabilization of respiratory function. 30, 35 The patient with milder SMA type III, which generally has much less effect on respiratory muscle strength, is at risk for obstructive sleep apnea and exacerbation during acute illness or postoperatively and may develop hypoventilation during adulthood. 46 Sleep disorders are observed frequently in SMA patients, mostly due to respiratory distress. 14, 49 Lung function, including nocturnal ventilation and coughing ability, should be analyzed frequently and by routine. 48 Coughing ability is a useful parameter for respiratory muscle function; reduced cough efficiency contributes to pulmonary morbidity and should be improved with mechanical cough assistance. 46, 48 Ventilation support becomes necessary at the time of deterioration of lung function and is recommended for therapeutic SMA management. [46] [47] [48] 50 Respiratory support for SMA patients is well established and includes noninvasive ventilation as the method of choice, and invasive ventilation with tracheotomy if necessary. 51 The long-term aims of ventilation assistance are an improvement of sleep duration and quality, enhancement of functional status, and prolonged survival. Ventilator support should be added at night if sleepdisordered breathing is present. 49, 52 Noninvasive ventilation is often necessary for respiratory failure during viral respiratory infection, recurring pneumonia or atelectasis, and postoperative care, and in the event of severe scoliosis or chest wall deformities.
46-48
Nutrition problems
Whereas nutrition is commonly difficult from the beginning in patients with SMA type I, the difficulties are less frequent and constrictive in the other SMA types. Nevertheless, examination is needed in all SMA patients. The primary problems are limited mouth opening with cumulative chewing difficulties and reduced bite force. Increased fatigue of masticatory muscles and swallowing difficulties result in a higher risk for aspiration and consequent pneumonia. A first consensus statement on standard of care in spinal muscular atrophy 52 recommends examination of silent aspiration in every patient with type I SMA and examination according to clinical status in patients with type II or type III SMA.
Systematic evaluation of weight should be part of routine examination in all SMA patients, 53 with consideration of the deviating weight gain in these patients due to muscular atrophy and inactivity. Compared with standard weight gain in healthy children, weight gain in SMA patients is mostly in the lower percentiles of weight charts, and poor weight gain can be found in one third of cases. 53 Also, body mass index significantly underestimates body fat 52 in SMA patients due to atrophic muscles and abnormal muscle-fat relation; patients are at high risk for obesity despite low body mass index.
54-56
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Haaker and Fujak Body composition should therefore be monitored regularly with complementary assessment of nutritional intake. 52 Nevertheless, since secondary mitochondrial dysfunction with abnormal fatty acid oxidation is documented, 52, 57, 58 prolonged fasting should be avoided, especially in cases of acute illness and postoperative care. In case of insufficient nutrition intake due to chewing and swallowing difficulties, a supply with a PEG (percutaneous endoscopic gastrostomy) tube should be considered to prevent malnutrition because weight loss can hardly be balanced after manifestation.
Rehabilitation
Subsequent to early clinical rehabilitation and mobilization, continued therapy in a rehabilitation care clinic specializing in neuromuscular disorders is recommended. The care center requires both orthopedic and neurological departments to provide multidisciplinary therapy in order to improve the remaining motor capabilities. Starting physiotherapy and respiration training as soon as possible with additional occupational therapy is essential to reintegrate patients into daily activities and to provide education in the use of assisting devices. Daily physiotherapy is important to prevent loss of motoric functions. Active muscle training can optimize the remaining force and condition, but pulmonary restrictions and other activity-limiting factors have to be considered. Because the musculature in SMA patients is less resistant and needs longer regeneration time, it is mandatory to terminate the training before the patient becomes exhausted; training should generally be supervised. Passive movement of the joints is to be included to delay the progression of contractures. Additional training to improve coordination and proprioception and physical procedures like massages, balneotherapeutic measures, heat applications, and electrotherapy can be added. The intensity of the activities should be adapted to the individual constitution of the patient.
12,15,31,52
Orthoses and technical devices
As mentioned above, corset therapy cannot halt the progression of scoliosis but remains important to secure the sitting ability during the period before surgery or when patients are not able to undergo spinal surgery due to generally limited condition. 59 For ambulatory patients, corsets are widely contraindicated because they often restrict walking ability.
For rapidly progressing contractures of upper and lower extremities, night braces can be provided to decelerate contracture progression, so long as they are tolerated by the patient. 4, 59 The positive effect of treatment with night braces is not scientifically proven, however. 59 Daytime lower-leg orthoses are most commonly indicated for nonambulatory patients with flexible foot deformities, in order to stabilize the feet in sitting position and decelerate the progression of the deformity. Flexible feet deformities are easily corrected in many cases. 59 Some patients with milder SMA types profit from leg orthoses to steady their gait. 4 Lower-limb orthoses used postoperatively can improve and maintain the surgical results. For progressive contractures of the lower limbs, surgical release is often indicated. 4, 15 Standing position, even when passively maintained through standing aids, is very important for patients with SMA. A prolonged standing ability can reduce scoliosis, decelerate contracture progression, and improve posture and respiratory function. Standing ability should be preserved as long as possible using technical standing and raising devices. 15, 59 Moreover, verticalization is important for the regular psychosocial development of children with SMA. For the passively fixated verticalization, sufficient head control is essential.
The individually designed wheelchair plays a special important role for nonambulatory patients. Patients should be provided with a manual or powered wheelchair by the age of 3 years. 4, 15, 31, [59] [60] [61] A powered wheelchair is needed by 60% of patients with SMA; customized chair design is recommended to improve participation in social life and to optimize posture and sitting assistance. 52 Cognitive ability is not reduced in SMA patients, 62 and they are able usually to learn to use and drive a wheelchair, even at an early age. 59, 61 Perioperative management SMA patients have an increased risk for postanesthesia complications, which may lead to prolonged intubation, nosocomial infections, tracheotomy, and even death. 63 Upper-airway obstruction during endotracheal intubation, hypoventilation and atelectasis from impaired cough, and mucociliary clearance due to anesthetic agents are possible perioperative complications that raise the need for extended preoperative evaluation of respiratory status and pulmonary situation. 63 Preoperative care should include nutritional assessment as well as investigation of gastroesophageal function. 64 The consensus statement 52 recommends the measurement of respiratory function and cough effectiveness in addition to physical examination and chest X-ray. Nocturnal respiration and sleep disturbances are additional risk factors; noninvasive ventilation and cough assistance can be indicated prior to surgery, and anesthesia should be performed by an experienced pediatric anesthesiologist because of frequent difficult intubation in almost two thirds of these patients. 63 However, intraoperative 
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Proximal spinal muscular atrophy anesthesia complications remain very low, and postoperative complications are mostly related to the individual's respiratory status. 63 Perioperative care should be provided at a multidisciplinary pediatric center with dedicated pediatric anesthesia and postoperative intensive care capacity. 52, 63 
Conclusion
No curative therapy for SMA exists. Nevertheless, several investigations have recently shown that quality of life can be significantly improved and disease progression can be slowed with timely intervention, especially in the orthopedic area. An exact and early diagnosis and classification of SMA, together with an interdisciplinary therapeutic approach, can pave the way to adequate therapy. Essential for affected patients is the provision of wheelchairs and technical devices, if required, and the initiation of prophylactic physiotherapy with respiratory training as soon as possible. Subsequently, patients should be presented to an experienced orthopedic specialist at the soonest in order to provide optimal orthopedic therapy, including adaptive technical devices, and to plan eventual surgical interventions in time for best results. Operative spine stabilization using multisegmental dorsal stabilization is the method of choice for treating scoliosis in nonambulatory patients aged at the earliest 10-12 years. Satisfactory solutions of surgical therapy for severe scoliosis in very young children are lacking.
SMA patients require lifetime medical attendance with an interdisciplinary team for adequate management of orthopedic, respiratory, and nutritional problems. These patients also need social integration and family member education in order to improve their quality of life.
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